Continuous or cyclic production of spermatozoa throughout life in adult male vertebrates depends on a subpopulation of undifferentiated germ cells acting as spermatogonial stem cells (SSCs). What makes these cells self-renew or differentiate is barely understood, in particular in nonmammalian species, including fish. In the highly seasonal rainbow trout, at the end of the annual spermatogenetic cycle, tubules of the spawning testis contain only spermatozoa, with the exception of scarce undifferentiated spermatogonia that remain on the tubular wall and that will support the next round of spermatogenesis. Taking advantage of this model, we identified putative SSCs in fish testis using morphological, molecular, and functional approaches. In all stages, large spermatogonia with ultrastructural characteristics of germinal stem cells were found, isolated or in doublet. Trout homologues of SSC and/or immature progenitor markers in mammals-nanos2 and nanos3, pou2, plzf, and piwil2-were preferentially expressed in the prepubertal testis and in the undifferentiated A spermatogonia populations purified by centrifugal elutriation. This expression profile strongly suggests that these genes are functionally conserved between fish and mammals. Moreover, transplantation into embryonic recipients of the undifferentiated spermatogonial cells demonstrated their high ''stemness'' efficiency in terms of migration into gonads and the ability to give functional gametes. Interestingly, we show that nanos2 expression was restricted to a subpopulation of undifferentiated spermatogonia (less than 20%) present as isolated cells or in doublet in the juvenile and in the maturing trout testis. In contrast, nanos2 transcript was detected in all the undifferentiated spermatogonia remaining in the spawning testis. Plzf was also immunodetected in A-Spg from spawning testis, reinforcing the idea that these cells are stem cells. From those results, we hypothesize that the subset of undifferentiated A spermatogonia expressing nanos2 transcript are putative SSC in trout.
INTRODUCTION
Spermatogonial stem cells (SSCs) are adult stem cells that are defined by their self-renewal and differentiation ability to maintain a supply and enable the production of a large amount of mature spermatozoa. The characterization of adult SSCs requires reproducible methods to isolate and maintain them in long-term culture. Despite the fact that SSCs were discovered and have been studied for more than 50 yr in mammals [1] , their characteristics and the regulating factors involved in their fate have been only partially demonstrated. Photonic and transmission electron microscopy observations [2, 3] , combined with gene expression analysis, have resulted in the identification of putative spermatogonial stem cell populations in various model species. More precisely, specific gene expression of the undifferentiated germ cell population in mouse (A single [As] to A aligned [Aal]) has been thoroughly described [4] . Even though As are likely to be the initial germ stem cells, there is accumulating evidence that Aal should be considered additional stem cell entities, at least in certain circumstances [5] .
Currently, only functional assays based on SSC expansion in vitro during long-term culture or based on the ability of a purified cell population to colonize a recipient gonad after in vivo transplantation and to participate in the host spermatogenesis can be used to verify the ''stemness'' property. Initially developed in mouse by Brinster [6] in 1994, different transplantation techniques have been adapted and developed in various fish species [7] [8] [9] [10] . In particular, Yoshizaki et al. [11] showed that spermatogonial populations isolated from mature testes resulted in the production of functional spermatozoa or eggs when transplanted into male or female embryo recipients, respectively. Furthermore, they have established xenogenic transplantation systems for spermatogonia in several fish species [12] that could be useful in agronomic terms to shorten the generation time of higheconomic-interest fish. Still, there is a tremendous lack of knowledge of undifferentiated spermatogonia in fish, including SSCs, and important challenges remain before the isolation, propagation, and conservation of adult SSCs can be used in the field of applied biotechnology.
Investigations of fish spermatogenesis have been performed, to a large extent, from the point of view of morphology and endocrinology (for a review, see Schulz et al. [13] ). Recent reports have proposed molecular markers for male germ cells in different states of differentiation in trout. Transgenic rainbow trout (Oncorhynchus mykiss) carrying the GFP gene driven by vasa-promoter (pvasa-GFP) has been used to isolate cells at different stages of spermatogenesis, showing dramatic changes in their GFP intensity during the process, and notch1 and piwil2 were identified as markers for trout spermatogonia and scp3 and shippo1 for spermatocytes and spermatids, respec-tively [14, 15] . Also, Ly75 protein was identified as a marker of mitotic germ cells and is proposed as a cell surface marker to sort spermatogonia [16] . Despite these efforts to propose germ cell markers in fish species, there is still a need to recognize and isolate the populations of spermatogonial stem cells.
Among the proposed markers of SSCs in rodents, some seem to be also expressed in the undifferentiated germinal cells in phylogenetically distinct species. Indeed, Plzf, discovered because its repression induced spermatogonial differentiation in mouse [17, 18] , is now proposed as an SSC marker in chondrichthyans [19] and other mammals [20] . In addition, Oct4/Pou5f1 is expressed in SSCs in mouse [21] and various other mammalian species, such as the buffalo [22] and the cat [23] . Interestingly, its homologue, pou2, was recently identified in early spermatogonia in medaka [24] . Other suggested markers of germ stem cells are the Nanos gene family. Nanos was first identified in drosophila as an embryonic posterior determinant [25] , and later its implication in primordial germ cell development was revealed [26, 27] . Three Nanos homologues have been identified in vertebrates to date [28] . In mouse, NANOS2 has been reported as a specific marker of male germinal stem cells (As and Apr), while NANOS3 is expressed in PGC of both sexes and in undifferentiated A spermatogonia (some As to A1) [29] [30] [31] . In medaka and zebrafish, nanos2 is detected in adult undifferentiated germinal cells, while nanos3 is expressed preferentially in PGCs [28, 32] , and, more precisely, Nanos2 is expressed in premeiotic oogonia that are proposed as the ovarian germ stem cells [33] . Still, finding molecular markers of the spermatogonial stem cell population in fish remains a challenge in investigating the molecular events that determine their fate in terms of proliferation or differentiation throughout the reproductive cycle or in culture.
In trout, spermatogenesis occurs synchronously within cysts, and the spermatogenic development of the testis follows a strict annual reproductive cycle. Studying the mechanism of spermatogenesis in trout testes has already provided unique opportunities to improve our understanding of the process [34] and of the underlying molecular mechanisms [35] [36] [37] . Interestingly, during the trout reproductive cycle, only undifferentiated A spermatogonia (A-Spg) are observed in the seminiferous epithelium before active spermatogenesis starts. Again, at the end of the cycle, when spermatogenesis has come to a halt and the tubule's lumen are packed with spermatozoa, only a few scattered and inactive spermatogonia can be found. The objectives of the present study were to take advantage of the spatiotemporal organization of spermatogenesis in the trout to identify the spermatogonial stem cells on a morphological, molecular, and functional level. Besides, rainbow trout spermatogonia can be isolated by centrifugal elutriation [38, 39] , and we further developed this method to produce cell fractions enriched in undifferentiated and differentiated germ cells to analyze their expression of SSC candidate marker genes and compare their ''stemness'' property in transplantation studies.
One important finding of our study is that the nanos2 transcript is expressed in a subpopulation of undifferentiated A spermatogonia in the immature testis and in all the rare undifferentiated germ cells remaining in an inactive state in between two spermatogenetic cycles. Furthermore, the isolated A-Spg fractions with morphological characteristics of undifferentiated spermatogonial cells and with the highest nanos2 relative expression levels demonstrate high ''stemness'' capacity in transplantation studies. Accordingly, we propose that the nanos2 transcript is a reliable marker of putative SSCs in fish.
MATERIALS AND METHODS

Ethics Statement
Experimental research on animals reported here was performed in conformity with the principles for the use and care of laboratory animals in compliance with French and European regulations on animal welfare. Furthermore, experimenters have an authorization, given by the French ''Direction des Services Veterinaires,'' to conduct or supervise experimentation on live animals.
Animals and Tissue Sampling
Male rainbow trout (O. mykiss) were obtained from INRA experimental fish farm (PEIMA, Drennec) and kept in the laboratory facilities at 128C under a natural photoperiod until the experimental day. Fish were anesthetized in 2-phenoxyethanol (10 mg/ml water) and killed by a blow to the head. Tissues (brain, pituitary, heart, muscle, gill, stomach, liver, intestine, skin, spleen, and kidney) were sampled from prepubertal male trout. Sperm-producing testes (from spawning males) and previtellogenesis ovaries from female rainbow trout were also collected. All tissues were sampled from three different individuals. All samples were immediately frozen in liquid nitrogen and subsequently stored at À808C until RNA extraction. In order to describe gene expression during spermatogenetic development, testes were collected from 6-mo-old juveniles and 1-yr-old prepubertal fish (immature, stage I) and at different stages of the reproductive cycle (described in Gomez et al. [40] and Billard [41] ). Testes were recovered and weighed to determine the gonadosomatic index (GSI), and tissues were rapidly immersed in paraformaldehyde or Bouin solution for further histological analyses or frozen until RNA extraction. Accurate determination of testicular developmental stages was achieved by combining histological analysis of Bouin solution-fixed samples (on the basis of the most differentiated germ cell type present in the gonad) and GSI as previously described in detail in Gomez et al. [40, 42] . Gonads from four to five individuals in juvenile stages I, II, III-IV, V-VI, VII, and VIII were used for RNA extraction.
Germ Cell Isolation
Populations of germ cells at different stages of differentiation were obtained from immature males (stage I) or maturing males (stages III-IV) as previously described [36, 37] . In brief, testes were minced and submitted to enzymatic digestion, followed by mechanical dispersion using a Dounce homogenizer. The resulting cell suspensions were filtered through nylon gauze (150-, 50-, and 32-lm pore size) and pelleted by centrifugation. The cell pellets were resuspended in L15 medium with 1% bovine serum albumin (BSA), loaded onto 90% percoll gradients, and centrifuged for 40 min at 500 3 g and 5 min at 50 3 g to remove cell clusters, erythrocytes, and most spermatozoa, if present. The upper floating layers were recovered and submitted to cell sorting by centrifugal elutriation (JE5 Beckman Instruments). Cell separation was performed at a constant rotation speed (2000 rpm) and increasing flow rates (6.6, 7.8, 8.6, 9.5, 10.5, 13.5, 15.1, 19, and 21 ml/min) in L15 media with 0.5% BSA. Collected fractions were rinsed, pelleted, and either transferred in Trizol reagent and stored at À808C for RNA or used for microscopic observation after fixation in Bouin solution. Germ cell populations were obtained by pooling 19-and 21-ml/min elutriation fractions (A-Spg), 10.5-to 13.5-ml/min fractions (BSpg), and 8.6-to 9.5-ml/min fractions (spermatocytes), while the postmeiotic enriched samples corresponded to 6.6-to 7.8-ml/min pooled elutriation fractions.
Electron Microscopy
The gonads (stages I, IV, and VIII) were fixed by immersion in 2% glutaraldehyde fixative for 24 h at 48C and buffered to pH 7.3 with 0.12 M cacodylate CaCl2 buffer. After washing, the samples were postfixed in 2% osmium tetroxide for 2 h, dehydrated in a graded ethanol series, and finally embedded in epon. Ultrathin sections were stained with uranyl acetate solutions and lead citrate and examined under a JEOL JEM-1400 electron microscope at the Microscopy-Rennes Imaging Center laboratory.
Real-Time PCR Analysis
Total RNA was isolated using Trizol reagent (Invitrogen) and further purified with NucleoSpin RNA II kit (Macherey Nagel EURL). RNA concentrations were quantified using NanoDrop ND-10 (Thermo Fisher Scientific), and RNA quality was determined using the Bioanalyser 2100 (Agilent Technologies). Five hundred nanograms of total RNA were reverse BELLAICHE ET AL. transcribed using random hexamers and the GoScript Reverse Transcriptase (Promega). Quantitative PCR (qPCR) was conducted using the StepOne Plus thermocycler (Applied Biosystems). Control reactions were performed in the absence of reverse transcriptase. Real-time PCR oligonucleotide primers (see Supplemental Table S1 ; all Supplemental Data are available online at www. biolreprod.org) were designed using the Primer3 software (http://frodo.wi.mit. edu/primer3) and verified with the OligoAnalyzer 3.1 Web interface (http://eu. idtdna.com/analyzer/Applications/OligoAnalyzer) to avoid self-and heterodimer formation as well as hairpin structures. Nucleotide sequences of the primers were also systematically matched (BLAST algorithm) against the SIGENAE trout contigs collection (som.10 version) to avoid nonspecific annealing to other transcripts. PCR amplification was performed on 1/10 diluted first-strand cDNA templates, 13 Fast SYBR Green Master Mix (Applied Biosystems) fluorescent dye, and 600 nM of both forward and reverse primers. The cycling conditions were as follows: 958C for 20 sec, followed by 40 cycles at 958C for 3 sec and 608C for 30 sec. All reverse transcribed samples were measured in duplicate. For the panel of tissues, gene expression level was normalized by 18s gene expression, and the highest tissue expression was arbitrarily set to 100. In testicular and cellular experiments, gene expression level was normalized by rs15 (clone 1RT58B15_B_A08) gene expression and compared to gene expression level of 1-yr-old immature testis expression, arbitrarily set to 100. The rs15 gene was chosen on the basis of its invariant expression in all our previous experiments with the trout testis [36] . The efficiency of PCR amplification was verified using serial dilutions of pooled reverse transcription products, and the melting curve analysis was performed at the end of each real-time PCR assay to verify the amplification of a single PCR product. Statistical analyses were performed with R software using the nonparametric analysis of variance (ANOVA) of Kruskal-Wallis and the MannWhitney U-test if a statistical difference (P , 0.05) was observed between groups in the ANOVA.
Riboprobe Synthesis and In Situ Hybridization
Bacterial clones were obtained from the CRB GADIE Resource Center (Jouy-en-Josas, France) or from the U.S. Department of Agriculture (Washington, DC); cDNA inserts were amplified by PCR using vector-specific primers. PCR products were purified and used as templates for digoxigenin (DIG)-labeled probe synthesis using the Riboprobe Combination system-T3/ T7 RNA polymerase (Promega). As nanos2 was not found in rainbow trout cDNA libraries, a sequence (accession no. KJ123762) was cloned using specific primers (Supplemental Table S1 ). In situ hybridization experiments were performed on 5-lm sections of paraformaldehyde-fixed and paraffinembedded trout testes. After dewaxing and rehydration, all the following steps were performed using the InsituPro VS automate (Intavis Bioanalytic Instruments). Briefly, sections were postfixed (paraformaldehyde 4%, 20 min), permeated for 20 min at 378C with 1 lg/ml Proteinase K and for 10 min in 50 mM glycine, and postfixed again (paraformaldehyde 4%, 10 min). Slides were then prehybridized for 2 h at 608C (formamid 50%, 23 SSC, 13 Denhardt, dextran sulfate 10%, and yeast tRNA at 250 lg/ml) and hybridized for 12 h at 608C with 2 ng/ll of DIG-labeled cRNA probes in the same buffer. After hybridization, the sections were treated for 30 min at 378C with RNase (10 lg/ ml in 23 SSC), washed successively at 378C in 23 and 0.13 SSC, and incubated in a blocking solution containing 2% sheep serum for 40 min and then for 2 h with alkaline phosphatase-conjugated anti-DIG antibody (Roche Applied Science; 1:1000) in 2% sheep serum. Slides were finally rinsed and revealed for 12 h with NBT/BCIP chromogen (Roche Diagnostics Corporation) or with the HNPPfast red detection kit (Roche) for fluorescent in situ hybridization of nanos2 and vasa. Whole-mount in situ hybridizations for fish at 65 days postfertilization (dpf) were performed as previously described [43] . Negative controls, sense probe (for each gene studied), and condition without probe were done for each hybridization experiment (ISH and WISH).
Plzf Immunodetection
Gonads were fixed overnight at 48C with Bouin fluid, rinsed, and dehydrated in successive alcohol baths with increasing concentrations. The samples were embedded in paraffin, and 5-lm-thick sections were mounted on poly-L-lysine-coated glass slides (Thermo Scientific). After paraffin removal in toluene, the tissue sections were rehydrated and boiled twice for 5 min in a 10-mM sodium-citrate solution for antigen retrieval. nonspecific binding sites were blocked by incubating the sections with 5% BSA in PBS. Subsequently, the slides were incubated overnight at 48C with the primary antibody anti-PLZF (1:50; sc-22839, Santa Cruz Biotechnology). After washing in PBS, slides were incubated at room temperature with the secondary antibody (Alexa Fluor 488 anti-rabbit IgG) diluted at 1:100. For Western blotting experiments, isolated testicular cells from immature fish were homogenized in protein extraction buffer (50 mM Tris-HCl, pH 7.5, 5 mM EDTA, 10 mM EGTA, 10 mM benzamidine) supplemented with the antiprotease cocktail (Sigma-Aldrich). The primary antibody was detected using horseradish peroxidase-conjugated mouse anti-rabbit IgG and visualized with the enhanced chemiluminescence system (Thermo Scientific Pierce Biotechnology).
Transplantation Assay
In order to have an endogenous marker of the transplanted cells in the host, we used isolated testicular cells originated from a transgenic trout line expressing GFP under the myosin light chain-2 promotor (mlc2::GFP) [44] . A 15-nl sample of a suspension containing approximately 10 000 cells was transplanted into the peritoneal cavity of perihatching embryos (3008d). Recipients were from an all-male monosexed population. All transplantation experiments were performed using 30-90 embryos each. Six months after transplantation, half of the transplants were killed and their testes collected for PCR detection of the transgene. DNA was extracted from the recipient testis in 500 ll containing 10% chelex and proteinase K (0.2 lg/ll) after a 1000-rpm agitation overnight at 428C. DNA was purified with a phenol/chloroform (1:1) extraction and then ethanol precipitated. PCR was performed with GFP-specific primers (Supplemental Table S1 ) to examine the amount of transgene in recipient fish. The other half of the transplanted recipients was reared until maturity (12-24 mo). Milt was collected, and 200 eggs of wild-type female trout were fertilized in duplicate for each individual. After hatching, transgenic embryos were counted in the offspring by direct observation of fluorescent muscles using an AZ100 Macroscope (Nikon) equipped with a GFP-BP filter (520/35 nm). Ectopic presence of the transgene was also verified by PCR after extracting DNA from other tissues (muscle, liver, and intestine) in positively detected recipient fish.
RESULTS
Morphological Characterization of the Undifferentiated A Spermatogonia
The first objective of our study was to identify the putative spermatogonial stem cell population in rainbow trout testes on a morphological level. Trout are seasonal breeders, and stages of testicular maturation are defined on the basis of the progression of the germ cell line differentiation (Fig. 1) . Spermatogenesis occurs in cysts of clonal germ cell clusters. In the juvenile testis, undifferentiated A spermatogonia (und ASpg) are the only germ cells present, and they proliferate slowly. At that stage (stage I), the cystic organization is not clearly distinguishable. After the onset of puberty, some A-Spg surrounded by supportive Sertoli cells give rise to more differentiated spermatogonia named B-Spg that go through six rapid cycles of proliferation inside a given cyst. These cystic cells have intercellular bridges and form syncytia with 2, 4, or up to 64 spermatogonia [45] . New cysts of B-Spg are actively formed until stage V, and then the production rate progressively decreases toward the end of the spermatogenetic cycle. In spawning males, during the period of sperm excretion (stage VIII), the lumen of the testicular tubules are packed with spermatozoa, and only scattered undifferentiated A spermatogonia line the walls of the testicular tubules. These few remaining spermatogonia are likely to be the adult spermatogonial stem cells that will sustain the following round of spermatogenesis during the next reproductive cycle. In the present study, we focused our observations on three stages of testicular maturation: stage I (immature) containing only A undifferentiated spermatogonia, stage IV (maturing) for the spermatogonial expansion and differentiation, and stage VIII (spawning) containing adult spermatogonial stem cells.
Using transmission electron microscopy ( Fig. 2, A-I ), we identified in all three stages the undifferentiated spermatogonia as large isolated cells with a poorly fragmented nucleolus (only one to three fragments) and a low-electron-density (clear) cytoplasm. At stages IV and VIII, these germ cells were located next to the tubular wall but not directly in contact with the basal lamina. In particular, we observed one to three Sertoli nanos2, MARKER OF SPERMATOGONIAL STEM CELLS cells surrounding one A spermatogonia, which is a typical characteristic of fish cystic testis structure. We could not detect specific localization with regard to the position of blood vessels. Interestingly, we frequently observed doublet of undifferentiated germ cells in the adult stages (stages IV and VIII). These cells looked alike with no observed intercytoplasmic bridges, and they could also be considered as potential SSCs based on those morphological observations. Considering other germ and stem cell characteristics, all identified cells had electron-dense structures (nuage and/or cement) associated with numerous round mitochondria present in the cytoplasm (Fig. 2, J-L) . We found specialized junctions between the spermatogonia and the Sertoli cells frequently but also between the doublets of spermatogonia. Interestingly, we observed ultrastructural differences between undifferentiated spermatogonia in various stages with respect to the aspect of the nucleus. At stage I, the nucleus of the spermatogonia had a dark, well-defined nucleolus. In addition, the nucleoplasm had a mottled aspect with spots of condensed heterochromatin (Fig.  2, D and G) . In stage IV, lesser flecks of heterochromatin were observed (Fig. 2H) . Then, at stage VIII, few or no flecks of heterochromatin were observed in the nucleus (Fig. 2, F and I) , and the nucleolus seemed clearer and smaller, although no morphometric study was performed. By contrast, the differentiated spermatogonia harbored much more chromatin near the nuclear membrane and, if present, had a poorly defined nucleolus (Fig. 2, B and E) .
To summarize, we observed two populations of cells with spermatogonial stem cell characteristics in adult testis: undifferentiated A spermatogonia either isolated or in clusters of two cells closely associated. Moreover, subtle differences in the appearance of the nucleus were also observed, depending on the testicular maturation stage.
Expression Profiles of Candidate Spermatogonial Stem Cell Markers
Based on mammalian or fish evidence, potential markers of spermatogonial stem cells or of spermatogonial progenitors were selected and their homologues searched for in rainbow trout nucleic sequences (Table 1) . Of particular interest, two members of the nanos family, nanos2 and nanos3, the closest homologues, were identified in trout as illustrated by the conserved amino acid motifs on the C-terminal tail of the predicted protein with the mammalian and teleost NANOS (Supplemental Fig. S1 ). Only one nanos2 homologue was detected in salmonid genomes and cDNA databases.
The tissue distribution of the candidate transcripts was first studied by real-time qPCR using a panel of 14 different tissues collected from 1-yr-old juvenile trout and fully mature males (Fig. 3) . We observed that pou2a and b (fish homologues of the mammalian Pou5f1/Oct4), plzfa and b, piwil2, and nanos2 and nanos3 were preferentially expressed in the gonads, although pou2 and nanos3 absolute expressions were low. Furthermore, these genes presented contrasting profiles in the testis and ovary, like pou2 genes, which were strongly expressed in the previtellogenic ovary or, conversely, nanos2, which was preferentially expressed in the testis. As those genes are known to be expressed in testes of other species and involved in early germ cell fate in rodents, our results strongly suggested conservation of these genes in trout gonadal function.
The temporal expression pattern of the candidate genes was further studied in whole testicular tissue during the reproduc- BELLAICHE ET AL. tive cycle (Fig. 4) . With the exception of plzfb, all candidate markers of early germ cells displayed their highest transcript expression levels in the prepubertal testis (1 yr old) when undifferentiated A spermatogonia (und-Aspg) are the only germ cells observed and account for a large proportion of the total cells present in the immature gonad. The relative expression levels of the transcripts decreased after entry into active spermatogonial proliferation and differentiation of B spermatogonia (stage III) until the end of spermatogonial proliferation (stages V-VI). In contrast, during testis development, the expression of dazl, an intrinsic meiotic competence factor [46] , increased from stage II to stages V-VI, reflecting the growing proportion of differentiated mitotic germ cells (Fig. 4) . Interestingly, nanos3 and plzfb transcript expression increased again toward the end of the cycle, and expression levels were highest at the spawning stage. Note that plzfa and pou2a profiles were similar to plzfb and pou2b, respectively (Supplemental Fig. S2) .
Moreover, isolated testicular cell fractions enriched in specific germ cells were obtained as described in Materials and Methods. Centrifugal elutriation resulted in the following populations ( Fig. 5) : A spermatogonia populations contained more than 90% of undifferentiated A-Spg when using immature testes or more than 70% when using maturing testes; B spermatogonia-enriched populations contained 70% of B spermatogonia, while the spermatocyte-enriched population contained !70% primary spermatocytes, contaminated with some B spermatogonia and secondary spermatocytes; and the postmeiotic enriched fraction contained essentially secondary spermatocytes, spermatids, and spermatozoa. Gene expression was analyzed in these populations (Fig. 6) . Candidates nanos2 and 3, pou2, and plzf were found preferentially expressed in the undifferentiated A-Spg fraction isolated from juveniles and to a lesser extent in A-Spg isolated from the maturing testis. In contrast, dazl was strongly expressed in all trout spermatogenic cell types.
Functional Testing of Isolated Germ Cell Population by Transplantation into Embryo
In order to challenge its ''stemness,'' we tested the ability of the fraction of undifferentiated A spermatogonia showing the highest relative expression for our markers (pou2a and b, plzfa and b, and nanos2 and nanos3) to colonize and survive into a recipient testis. Cells were isolated from heterozygous transgenic trout expressing GFP in the muscle under the control of the myosin light chain-2 promotor (mlc2::GFP) and then were transplanted into the peritoneal cavity of a perihatching embryo. The donor cell colonization of the recipient gonad was detectable by transgene PCR, and the transmission of the transgene to the recipient's offspring was detectable by the observation of GFP in the embryo's muscle.
PCR detection of the transgene in recipient testes 6 mo after the transplantation with undifferentiated A spermatogonia isolated from juvenile testis identified nine gonads containing transgenic cells out of a total of 10 transplanted males (Fig.  7A) . One year later, when transplanted males produced mature sperm, we looked for transmission of the transgene into the offspring of recipients, and 400 fertilized eggs were examined per sperm tested. In this technique of transplantation, the nanos2, MARKER OF SPERMATOGONIAL STEM CELLS recipients are not sterile, and the spermatozoa produced from the transplanted cells are in competition with the ''endogenous'' gametes. Yet transgenic embryos showing GFP expression in the muscle were detected in the offspring of 90% (n ¼ 30) of the fish transplanted with und-ASpg from juveniles (Fig. 7, B and C) , revealing the high efficiency of this germ cell population to participate in spermatogenesis of transplanted embryos. Control sperm from the transgenic line produced 50% of GFP-positive offspring. High individual variation of the transgene transmission rate was observed between transplanted fish (0.5-28% of the offspring, as shown in Fig. 7C ). Such variation in the proportion of transgenic offspring per individual transmitting recipient probably reveals variability in the technical act of transplantation. The presence of the transgene was also searched by PCR in the sperm and in three other organs of five transmitting males (Fig. 7D) . While their sperm was positive, the transgene could not be detected in muscle or in other organs located in the peritoneal cavity, such as the liver and the intestine. These results demonstrate that the undifferentiated A spermatogonia in the immature testis include a population of spermatogonial stem cells able to colonize, specifically, the testis at a high rate and to differentiate to produce functional gametes.
Our data showed that similar results were obtained whether we measured the rate of transgene transmission into the offspring or the transgene detection by PCR in the 6-mo-old gonad. Therefore, we chose this second method to estimate the transplantation efficiency in the following experiments. As indicated in Figure 7E , a high level of positive detection of the transgene (78% 6 7%; n ¼ 4 experiments) was confirmed when transplanting undifferentiated A spermatogonia isolated from stage I immature testis. In one independent experiment, the ''stemness'' capacity of A spermatogonia versus the B spermatogonia isolated by centrifugal elutriation from stage IV testes was compared (Fig. 7F) . While isolated A-Spg were able to colonize 42% of the recipient gonads (n ¼ 20 fish), transplantation efficiency using the differentiated B-Spg was reduced by approximately 4-fold (n ¼ 20 fish). Those results confirmed that at least some undifferentiated A spermatogonia in both immature and mature testes possess spermatogonial stem cell functionality.
Cellular Localization of the Candidate Spermatogonial Stem Cell Markers
An initial experiment of in situ RNA hybridization on sections of testes at stage IV of spermatogenic development, when all the germ cell types are present, allowed us to further localize the expression of some of the genes (Supplemental Fig. S3 ). While vasa expression extended to all A and B spermatogonia and dazl was expressed in all germ cells, piwil2 expression was restricted to all A spermatogonia and early B spermatogonia (to four cells in a cyst). Both pou2 and nanos3 transcript expression was low in PCR analysis, and no specific labeling could be clearly demonstrated by ISH. More interestingly, nanos2 was found preferentially and strongly expressed in a subpopulation of A spermatogonia.
A detailed ISH study was therefore conducted on the localization of the transcript expression of nanos2 throughout testis development and during the spermatogenetic cycle in comparison to vasa expression (Fig. 8) . Expression of nanos2 was already detected in the germ cells soon after testis differentiation in 65-dpf embryo (Fig. 8A) . In the juvenile testis, while vasa (Fig. 8B) and piwil2 (not shown) were expressed in all A spermatogonia, nanos2 detection was restricted to a subpopulation of the undifferentiated A spermatogonia. Counting the total A spermatogonia (using morphological criteria) and the A-Spg labeled with the nanos2 probe (two independent experiments) allowed us to estimate that less than 20% (17% and 19%) of the spermatogonia expressed the nanos2 transcript. By contrast, nanos2 expression was detected in all the scattered and inactive A spermatogonia remaining in the testis of spawning male trout. Interestingly, the subpopulation of nanos2-positive cells consists of isolated and doublets of spermatogonia (Fig. 8B) . Note that expression of the nanos2 transcript was also detected over the background signal in oogonia or early previtellogenic oocytes in the ovary (Supplemental Fig. S4 ). Such detection of nanos2 restricted to a subpopulation of undifferentiated spermatogonia supports its selectivity as a marker of spermatogonial stem cells. Finally, to analyze the cellular expression of one other important candidate gene, plzf, we took advantage of a heterologous anti-Plzf antibody, targeting a conserved epitope between mouse and the predicted protein in rainbow trout. Binding of the antibody to the trout Plzf proteins was attested to by Western blot experiments (Supplemental Fig. S5 ). Using immunohistochemistry, Plzf labeling was weakly detected in the cytoplasm of undifferentiated A spermatogonia in immature testis sections and in both the cytoplasm and the nucleus of some A spermatogonia in stage IV. At the spawning stage, protein expression was preferentially detected in the nuclei of all undifferentiated A spermatogonia but also in some peritubular cells and related to high transcript expression in PCR at this particular stage (Fig. 9) . Still, apart from the somatic cells, Plzf is expressed in some undifferentiated A-Spg from immature testes and in maturing testis and in all undifferentiated A-Spg from spawning testis, strongly suggesting that these cells harbor the most immature spermatogonia. 
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these cells in the seminiferous tubules and gene expression have been vastly studied in mammalian species, there is still debate on the identification of the true spermatogonial stem cells [3, 4, 47] . The objectives of our study were to take advantage of the organization of spermatogenesis in the trout to identify the spermatogonial stem cell population on a morphological, molecular, and functional level in fish.
Indeed, rainbow trout emerge as a very appropriate model. In this species, spermatogenesis is strongly governed by seasonality so that throughout juvenile development and in the early stage of each cycle (stage I), only undifferentiated A spermatogonia are present in the seminiferous tubules. Then, at the end of one reproductive cycle (spawning, stage VIII), only a few scattered and slowly dividing A spermatogonia remain along the tubular wall. As these few cells will support the production of large numbers of spermatozoa in the next round of spermatogenesis, we postulate that they are the true adult stem cells. One other interesting characteristic of the high seasonality is that spermatogenesis is partially synchronous in the whole testis, and therefore gene expression at specific stages of the cycle can be related to specific aspects of the spermatogenetic development.
Identification of Isolated and Doublet of Undifferentiated A Spermatogonia
In all three stages considered (immature stage I, maturing stage IV, and spawning stage VIII), we identified isolated large germ cells with a clear cytoplasm presenting nuage and/or cement structures associated with numerous round mitochondria, which are typical morphological characteristics shared with spermatogonial stem cells described in other vertebrates [2, [48] [49] [50] [51] . These cells are enclosed by one to three Sertoli cells and are localized close to the tubular wall. The frequent observation of junctions between these germ cells and their supporting somatic cells prove active communication with their local environment. Due to this cystic organization, spermatogonial stem cells are not directly in contact and anchored onto the basal lamina, contrary to what is observed in mammalian testis. This characteristic could imply other ways of regulation of the spermatogonial stem cell fate by their microenvironment.
Previous studies in mouse spermatogenesis and other developmental systems indicated preferential localization of stem cells next to the interstitium or next to the blood vessels, suggesting an involvement of endothelial cells in regulating stem cells [47, 52, 53] . In the zebrafish, the preferential localization of SSCs candidates close to the blood vessels of the interstitium was also observed [9] . However, this could not be confirmed in trout, as we observed undifferentiated germ cells with subcellular SSC characteristics in various localizations along the tubular wall. Further investigation, including the localization of large numbers of A spermatogonia, may be needed to quantitatively address this point.
A striking piece of information resulting from our observation is the frequent occurrence of clusters of two cells with spermatogonial stem cell characteristics in both maturing and spawning stages. The question arose whether these cells may be the counterpart of the A-paired population observed in the mouse model. In zebrafish, Leal et al. [50] detected clusters of two early spermatogonial cells linked by cytoplasmic bridges, one considered the undifferentiated spermatogonial stem cells and the other possibly engaged spermatogonia with different morphological characteristics. In contrast, in our study, the two cells identified in these clusters were strictly identical, harboring junctions between each other's cytoplasmic membranes while no cytoplasmic bridges were observed, and therefore we do not exclude that this could represent spermatogonial stem cell self-renewal.
Interestingly, at least one characteristic differed among the probable spermatogonial stem cells identified along the testicular development. Indeed, when comparing stages I, IV, and VIII, the more the stage of development was advanced, the less heterochromatin was noticeable in the nucleus of the putative SSCs. This supports the idea of trout SSC heterogeneity between the juvenile and the spawning stage. Chromatin density was also reported as a marker of differentiation of the spermatogonia in rodent [47, 49] and dogfish SSCs [54] . Therefore, low heterochromatin in undifferentiated A-Spg at the spawning stage further supports the assumption that these cells are inactive spermatogonial stem cells, while the juvenile stem cells would be involved in the constitution of stocks of undifferentiated germ cells ready to engage in active spermatogenesis. These different states possibly reflect different regulation in each spermatogenetic stage of the spermatogonial stem cell commitment to self-renewal or to differentiation into engaged spermatogonia. 
nanos2, MARKER OF SPERMATOGONIAL STEM CELLS
Rainbow Trout A Spermatogonia Express Homologues of Mammalian Markers of Spermatogonial Stem Cells
The present study provides, for the first time, expression profiles of potential markers of undifferentiated spermatogonia in fish throughout testis development and in isolated specific germ cell subpopulations. Indeed, the trout orthologues of piwil2, pou2 (teleost homologue of Pou5f1/Oct4), nanos2 and nanos3, and plzf, known markers of the early germ cells in mouse, are also expressed preferentially in the A spermatogonia fraction isolated from immature and from adult rainbow trout and are downregulated after spermatogonia differentiation. For these transcripts, a high level of expression is detected in the immature prepubertal testis stage, where A spermatogonia are the only germ cells present and proliferate slowly.
Concerning piwil2, a nuage component essential for selfrenewal and differentiation of germline stem cells [55] , we detected here its transcript in all trout A-Spg and early B spermatogonia specifying its expression compared to a previous report [14] . Therefore, piwil2 may be a marker of the A spermatogonia population but would not allow spermatogonial stem cells to be identified. PLZF is an intrinsic repressor of differentiation of the spermatogonial stem cells in mouse [17, 18] . In our study, its transcript presented an interesting overexpression in A-Spg, and immunohistochemistry revealed high expression of the protein in undifferentiated A spermatogonia present in the juvenile stage and, in some spermatogonia, the maturing stage. Accordingly, those results imply that, as in mouse, Plzf expression occurs in the most undifferentiated spermatogonia in trout. The staining appeared cytoplasmic in most labeled A-Spg in the juvenile trout. This contrasts with the fact that in rodents and zebrafish, Plzf has been reported as preferentially observed in the nucleus of undifferentiated spermatogonia [17, 18, 56] , although cytoplasmic localization in SSCs has also been detected in mouse [31, I. Allemand, unpublished data]. Unfortunately, counting of the positive nuclei or cytoplasms was not performed in the juvenile testis, and we cannot comment on how Plzf expression or localization compares with nanos2-positive cells at that stage. However, Plzf immunodetection in the nucleus of undifferentiated germ cells of the spawning testes reinforces the hypothesis that Plzf labels putative SSCs in trout. In zebrafish testis, detection of this protein extended to cysts of the 8B spermatogonia clone [56] , weakening the potential of plzf as an exclusive marker of undifferentiated spermatogonia in all teleost species. Besides, we also find Plzf expression in another cellular type located on the tubular wall. In seasonal fish such as rainbow trout, not only germ cells but also other cell types proliferate to replenish the set of cells needed for a new round of spermatogenesis [39] . PLZF is known to regulate progenitor maintenance in multiple tissues [57] , as supported in rainbow trout by the broad expression in a wide variety of tissues observed in this study, and therefore it could play a role in several testicular lineages. Finally, both pou2 and nanos3 are regarded as primordial germ cell and spermatogonial stem cells markers in vertebrates [28, 29, 58, 59] . Both were preferentially detected in the most undifferentiated germ cell fractions in trout; however, their expression measured by qPCR was relatively low, consistent with a lack of signals by in situ hybridization.
nanos2, a Marker of a Subpopulation of Undifferentiated A Spermatogonia
Nanos genes are expressed in germ cell lineage in metazoans, including cnidarian [60] , nematode [61] , and arthropod [26] , and the vertebrate lineage with the appearance of three members of this family [28] : Nanos1 expressed in the brain [62] and Nanos2 and Nanos3 expressed in germinal stem cells [29] . Unlike the restricted expression of Nanos2 in the adult male gonad in mammals, in rainbow trout nanos2 expression was found in early germ cells from a 65-dpf testis but also in oogonia in the developed ovary. Those results are consistent with recent observation of nanos2 expression in the early germ cells of the zebrafish [32] and medaka [28] . More specifically, in medaka, it is detected in a subset of premeiotic oogonia in the adult gonad that are proposed as the ovarian germ stem cells [33] .
The trout homologue of nanos2 was found preferentially expressed in the juvenile and prepubertal testis that contain only undifferentiated A-Spg, and this expression decreased during spermatogenetic development, which was inversely related to meiotic differentiation and to dazl expression. This fits the fact that in mouse, NANOS2 represses the translation of Sycp3, Dazl, and Stra8, which are essential factors for meiotic differentiation [63] . From the expression profile in isolated germ cell populations, we can conclude that nanos2 is expressed by the undifferentiated A-Spg. Moreover, we show by in situ hybridization that nanos2 is in fact expressed by a nanos2, MARKER OF SPERMATOGONIAL STEM CELLS subset of isolated or by two closely associated A-Spg in the immature and maturing testis. In contrast, study of the fish tilapia showed expression of Nanos2 from isolated A spermatogonia to cysts of eight differentiated cells [64] . This last study detected the Nanos protein with a heterologous antibody directed against the C-terminal region of human NANOS2, a region of high conservation among the NANOS family, and the possibility that the signal also revealed other Nanos was not ruled out. Furthermore, it is possible that Nanos2 protein half-life allows the detection of the protein in later stages compared to the transcript expression. However, in rainbow trout, we also detected nanos2 transcript expression in all the rare and inactive A spermatogonia found along the seminiferous tubule wall in the spawning testis. This last population is regarded as being true SSC remaining in the tubule when spermatogenesis is arrested between two spermatogenic cycles, and based on our other observations, we propose that nanos2-positive cells are the putative spermatogonial stem cells in rainbow trout.
Transplanted Undifferentiated A Spermatogonia Colonize the Recipient Gonad and Produce Functional Gametes
To test the spermatogonial stem cell functional aptitude to colonize and differentiate into mature gametes, we transplanted isolated testicular populations of cells into prehatching male trout embryos. Transplantation of trout spermatogonia carrying the mlc2::GFP transgene enabled us to detect the transgene in the juvenile testis of recipients, indicating that at least some of the cells were able to migrate and colonize the gonad [44] . Transmission of the transgene to the recipient's offspring demonstrated that spermatogonial fractions contain cells able to proliferate and differentiate into functional spermatozoa, as initially found by Okutsu et al. [11] . Here we show that the transplantation of undifferentiated A-Spg populations from immature males, presenting the highest pou2, nanos3, nanos2, plzf, and piwil2 transcript expression, resulted in a very high From morphological observations, we characterized undifferentiated A spermatogonia population (isolated and doublet of spermatogonia) in prepubertal, maturing, and spawning rainbow trout testis. Chromatin density increased in the nucleus with spermatogonial differentiation. Undifferentiated A spermatogonia express the homologues of mammalian spermatogonial stem cell markers, nanos2 and nanos3, pou2, piwil2, and plzf. In particular, nanos2 transcript is expressed by a subpopulation of these cells, isolated or in doublet. We propose that undifferentiated A-Spg nanos2 positive are putative spermatogonial stem cells.
proportion (.75%, n ¼ 4) of recipients carrying the transgene. Moreover, A spermatogonia from maturing testis isolated by centrifugal elutriation were also able to colonize and proliferate in the surrogate recipient. In comparison, the rate of colonization was greatly diminished by transplanting the fraction containing essentially B-Spg, which clearly shows for the first time in fish that the stem capacity of germ cells is lost after commitment into spermatogenesis maturation. However, this is a preliminary experiment, and the fact that the colonization efficiency was not reduced to 0 for this B spermatogonia fraction is unexpected, as we cannot rule out contamination of the B-Spg sorted fraction by some spermatogonial stem cells. Finally, it would be pertinent to compare the ''stemness'' potency of undifferentiated A-Spg isolated from spawning males since many arguments point to these cells as true adult stem cells. Our attempts to isolate these cells and then purify them by centrifugal elutriation so far have not allowed the production of enough cells to transplant due to the relative paucity of these cells and to the presence of spermatozoa in huge numbers.
In conclusion, morphological observations allowed us to characterize the undifferentiated A spermatogonia population (isolated and doublet of spermatogonia) in prepubertal, maturing, and spawning rainbow trout testis. These cells purified by centrifugal elutriation express piwil2 and the homologues of mammalian spermatogonial stem/progenitor cell markers: nanos2 and nanos3, pou2, and plzf. Those observations allowed us to propose a model of early stages of germ cell differentiation and of marker expression in the trout testis (Fig. 10) . As indicated by transplantation assays, the undifferentiated spermatogonial cells from immature and mature testes present high ''stemness'' efficiency in terms of migration into the recipient gonad and differentiation to give functional gametes. Finally, we propose that undifferentiated A-Spg remaining in the spawning testis, which are nanos2 (at the transcript level) and Plzf positive (at the protein level), are SSCs, and we hypothesize that in the juvenile and in the maturing trout testis, only the subset of undifferentiated A-Spg that express nanos2 transcript are spermatogonial stem cells. We expect that the nanos2 transcript will be a useful marker to further study these cells in vivo and in vitro and to investigate the regulation of their fate toward self-renewal or differentiation.
